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Ab8tract

Experiments desi
r

ed to simulate boundary lubrication conditions durin sheet
fforming were perfmne and evaluated. The results are compared to a model or con-

tict area evolution caused by flattening of surface asperities. Microscopic observa-
tions and estimatas of the area fraction in boundary contact agree reasonably well
with the model. TIM effect of rmcrostructura.1 features on the accuracy of continuum
models is also discussed.

Introduction
The develo ment of hysically based models for friction during metal formin is

important for a Li Pttar un erstanding of friction and to enhance simulation ca abi lty.
/’Models have been proposed based on stab variable methods that use the sur ace

rou~hnese, lubricant pro rties and flow stre
r T

h of the workpiece as variatdes13J’4.
Verdication of these mo els is necessary to eva uate their accuracy and range of appli-
cable conditions. Experiments to identif mechanisms and measure the relevant
parameters at Lhe inhrface are usually $“fficult, and it is imporhmt to duplicate the
conditions that are present in the forming operation,

One important variable is the fraction of the a parent area that is actually in
boundary contact at a “ven time during fermi .

r Y’1
& e contact area can change corlsid-

erably durkg a mehl orming operation and wi typically vary at different locations
on the tool-workpioce interface, This change is due to the change in lubricant film
thickness during the operation and the flattening of surface tia~ritiea. This article
till describe work to model and verify theBe changes for conditlone relevant to sheet
forming.

Wecriptlom of the Model

It hm been obsenmd t$nt tho uctuul contact urea during metal forming is oflcn
much gmator than tha~ (or the surfacw+ of two non-doforrning objects in contucth’g)’
Models have been pro~owd to ehpluin this offcrt bud on the u~perity fluttanini;
rnechani~m illustrate) in k’i ro 1. It i~ awurncd thut for ~m~ll tiaporit unglw t) tho

r {d~formation’s ~imiltir to in ont-ation of~ flut ~urfuco by Hflut punch. ‘ ha probloIn IS
posed in t.arrm of tho dirnon~ionlww qutintitiw M,A, Ii und q dofinwi UBfollow~:

d//1
l:= ,

w,
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The variables are defined in Figure 1 except fork, the flow strength in shear of
the material and dti, the components of the deformation rata tensor in the bulk
matarial. The stra.m direction arameter q is defined for the case where the as ri-

t!lties are t wo-dimens.ional with e long axis of the asperities in the ~ direction. !&
direction is transveme ta the asperity la (the horizontal direction m Figure 1).O;:

dfhrther restriction in the model IS that e Pticipal strain directions must be aligned
with the axes of the asperities.
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Figure 1.Asperity deformation model with trapezoidal asperities or flat indenters.

This problem was analy.md with a vieco~la~tic finite element program to dotar-
mine the relationship between E, A, H and ~ , Using the me~hes for shown in R ro

Y2 the volocit boundary conditions were vamed h give different values ofll, A an q.
rThe normal oad on the top sufiace is calculated to give H. The results can bo used to

detirmine an instantaneous flatt.aning velocity for a preecribod bulk deformation rata
tind pressure on an asperity.

The rmults imply that asperities will flattm tit roltitivoly low romurcw when
tthe underlying bulk material is deforming plaatiudly, A physically umd modol for

friction ut the mt.arfuce ~hould includo tho contuct urou fmction A UHHHttiti vuriublo,
tind tho modol dmwribod here should providu [In evolution equution for A for mmo ~it-
uution~.

Thu rmult.~ of tho modol wom u~od to rodict tho ~rowth in contuct uroti frnction
\A for tho rogul~r u~pority urruy in Figuro 1 y intagr[ltlrq$
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The conditions for the plots in Figure 9 were chosen to be a ~ropriate for sheet
Lforming. For the case of sheet metal forming the lubrication con tionta genera)y

model predictt3Z th
involve lmunda contict, and large mntact area fractions have been obsenred” ~. The

at e contact area increases rapidly initially and continues to
increase significantly at relatively large strains.

<0.6

Figure 2. Mesh and velocity boundary conditions for ISAIAH
simulations with A = 0.6,

n t , , ,
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F@rc 3. Cent.uct. uruu ovdution with Htrtiin UHprmlictod hy the model.



In order to try to experimentally verify the contact area growth as predicted by
the model, an in-plane drawing fixture was built to produce small sheet specimens
with controlled strain and normal pressure histories, The s ecimen, die, and late

t% Jthat acts as the tool surface are illustrated in Figure 4.As e specimen is p led
through the die the strain path is similar to that for the flange area in a circular deep
drawing operation.
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Figure4. In-plane drawing sample with the die and tool surface plate.
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that fits in-the die. A ;ketch of &e mech-ticafcomp;nents of the sys&=-i;;~;&-{;”
—-.——. -----

Figure 5. The posts have strain qages that allow accurati measurement of the normal
force applied b the punch by means of the hydraulic cylinder. The fixture is attached

rto a h draulic oad fh.ru.e and the specimen is ulled out of the die at a constant veloc-
ity. & fe tmmile load on the specimen and the oad on each of the four posts are
recorded digitdl .

c
A circle grid is electroplated on the side of the spemmen that is not

in contact with t e tool plate, and the strain components in the sheet are measured at
the end of the test.

The surface profile of the specimen is measured transverse to the roughness lay
before and after testing at various points along the length of the specimen. A mechan-
ical stylus profilometer is used to record the unfiltered profile si al at 0.5 micron
intervals with a 12 bit A/I) convetir and a personal computer. R e total effective
strain and principal strain corqonents are measured ilom the circle grid. The surface
of the specimen is also exam.ined with a scanning electron microscope (SEM) to quali-
tatively characterize the roughness changes.
Experimental Reeulti

The preliminary results presented in this article are for a commercially produced
304L stainless steel sheet J.66mm thick. The sheet was chosen because it has a sur-
face profile that is generally consistent with the two-dimensional asperity assure tion

rin the flattening model. Figure 6 is an SEM m.icrograph showing the condition o the
surface as received. The asperities are very long in one dimension, which is also illus-
trated in the longitudinal and transverse profiles in Figure 7,

Figure 6. Scanning electron rnicrograph of the 304L surface before testing.

A sample of this sheet with the roughness lay otiented tranwerae to tho HXiHof
the sample waH ~eeted with an average normal pressure of 46,7 MPu, rmulting in the
etrain dmtribution shown in Figure 8. The direction of dicling was tran~vor~e to tho
long axis of th~’as erities,

{
The mrnple was trcmted with Hcommercial lubricu.~t 10

form a baunda ‘
%

lm, but there wa~ no measurable liquid on the ~~amploprior to
testing. An SE microgmph of a ~elected area of this sum le shows fluttmmd urtxw

c?thtit qualitatively match tho behavior rwdicted by tho mo ol (IJi uro $)). ‘1’houreu in
1’ fFiguro 9 is typical of mo~t of the mmp o, and cxcop~ion: will h iscumed Iuter.
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Figure 7 A~ea8d 8tiaC0 roughnea~ profles for the 3(ML tatah.dess steel sheet.
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Another wa to look ut the changes ta the mu-face is to cGmpare the frequency
{distributions oft e hei@ before and after testing (Figurl’ io). Note that the negative

tail of the distribution M not substantially changed, inchcating that much of the mat.a-
rkl between contactin asperities moves u ward unifomdy m the peaks are fl~ttcned.

% KThis agrees well with t e amumptions of t o model’.



Figure 9. The 304L swf’ace after tasting.
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Figure K). Height distributions befora and after testing at one point on the specimen.
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ide—~flat tool and there was no elastic sp~back, the initial hei ht distribution
&would be truncated with a sharp delta function at the height of e flat contacting

areas. It seems reasonable b take the height value for the peak in the distribution
measured after tastiq~ and tnmcate the original distribution to get a value for the
contact area fi-action. Results will be presented latar based on this type of estimate as
illustrated in Figure 10.

Some of the measured distributions show a narrow, well defied eak as in Fig-
Eure 10, while others are more chf6c@t ta interpret. In many of the am iguous cases

the SEM shows si
P

cant roughem.ng of the stice caused b inhomo eneous
h 7deformation of in ‘vidual grains at the surface of the sample ( “gure 11. This micro-

structural effect illustrates the type of problems that arise from applying a continuum
model to length scales where nucrostructural effects are important.

Figure11.A regicn of the surface showing grain size roughening.

Another such effect is illustrated in Figure 12 where the homo eneity of the sur-
Jiface is considered. It is usefb.1to estimate the minimum sample of e surface that is

statistically sun.dar to a lar e sample that represents the whole surface. This
minimum distance defines & e spatial resolution of the state variable model. Profiles
transverse to the ro hness lay were measured on five d-i.tTerentspecimens of the

‘%304L stainless steel. he five profiles were combined after filtering and subtracting
the mean. line and used as a large (N=95000) sample representative of the surface as a
whole. The five original sam les were analyzed individually and broken into lengths
of6mm,2mmandl mm. A e shorter samples were each analyzed individually. The
mean and standard deviations of the arithmetic avera e and root mean square rough-

Eness values were plotted as a function of sample Iengt .

The mean values of the rou hness amplitudes for the various refiles do not
f ideviate significantly trom that o the lar e sample, but the standar deviation

fincreases sharply as the sample length ecreases to less than 6 mm. This indicui.es
that the surface profile is not homogeneous on a scale of less than 6 mm.
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Figure 12. The mean and standard deviation of the roughness amplitude of 304L #4
as a fhnction of protie sample length.

Comparison with the Model
The initial ro hness refiles were used in conjunction with the relationship

T:derived between E, , Han q to predict the contact area fkaction for the stables-
steel test sample. Two methods w.e~ used to extract the asperity ~eometry ilom tl.
roughness pro~es. In both cases It w assumed that as the asperities on the surface
are flattened the material between the asperities moves upward uniformly over the
region that is considered a material point. This assumption defines the lu.nematice at
the surface and is equivalent to truncating the profile at the value of z corresponding
ta the plane of the tool surface as shown in Figure 13.

The approach used here for calculating the evolution ofA requires that the flab
tan.irg velocity U~or dz/ds be calculated for given values of A, P, dll and q. The value of
A is related to a vame of z that corresponds to a collection of asperities in contact with
we tiol. l%o methods were be used to convert the distribution of contacting asperi-
ties to the dimensionless ~amable~ m the flattening model. The simplest approach is
to find the average contact area.4 and the average contact spacing 1, and evaluate E
and uf as if it were for an array of uniform asperities. The other approach choserl is ta
impose a constant velocit on each asperity individud.1 , sum the resulting pressures,

{ rand iterate to find the ve ocity that produces the actua applied pressure at the inter-
face.
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Figure 13. The mean and standard deviation of the roughness amplitude of 304L #4
as a function of profile sample length.
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Figure 14. Flattening of asperities by tn.mcating the profile.

The contact areas predicted b the model and estimated horn the measured
4height distributions are shown in i

r
re 14 for the 304L sample with the fial strain

distribution shown in Figure 8. Eac data point is estimated from a 2.5 mm refile.
KNota that these profiles are shorter than the minimum length necessary fort e con-
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Figure 16. Comparison of measured contact areas with the model.

tinuum point assumption. lb
T

ement between the experimental estimates and
the model predictions Ireasomb y good, with most of the data lying between the two
predicted curves.

Concluaiona
The limikd experiment evidence ~resented here generally supports the use of

thhn~rit flat!xming model for calcdatmg the contact area fraction during sheet
. A e mmrostructural examination and statistical profile analyses are consie-

tant with large increases in the actual contact area, and there is quantitative ngree-
ment between the estimated area fraction and the model calculations ta within about
lo%.

It must be noted however, that this boundary contact model does not include any
lubricant effbcte. If a liquid lubricant is present it is necessary to couple this model
with a fluid flow calculation ta detmnine the *action of the nomml pressure that is

rJ
sup orted by the lubricant. This model also dose not address the mechanisms that
P we the friction traction at the areas in boundary contact.

A nota of caution is alho in order concerning the application of continuum models
for fiction. The microstructure of the interface and the bulk material are often not
homogeneous over length scales of importance to a particular problcm. It must be
mslized that in these cases the model can only be accurate in some avcmgc sense al
best.
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